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ANALYSIS AND COMPUTER PROGRAM FOR EVALUATION OF ROTATING 

INCOMPRESSIBLY LUBRICATED PRESSURIZED THRUST BEARINGS 

by David P. Fleming 

Lewis Research Center 

SUMMARY 

An analysis and FORTRAN IV computer program are presented to enable rapid eval- 
Included uation of pressurized thrust  bearing designs using an  incompressible lubricant. 

in the analysis are the effects of two self-acting journal bearings which may be used to  
provide a radial  load capacity. 
quantities of interest  are calculated. 
and effects of bearing rotation are included. 
Customary o r  met r ic  (SI) units. 
data from a series -hybrid fluid-film rolling-element bearing. 

Bearing load, torque, lubricant flow rate, and other 
Either orifice or  capillary res t r ic tors  may be used 

Program input and output can be in U. S. 
Analytical predictions agreed well with experimental 

INTRODUCTION 

For  the evaluation of a series -hybrid fluid-film ball bearing (ref. 1) , the investigators 
used, for  the fluid-film bearing, a pressurized thrust  bearing in conjunction with a self- 
acting journal bearing. 
namely, a type I1 e s t e r  oil. 
and a ball bearing are coupled in series. 
load, but the two bearings share  the speed. 
at shaft speed. 
the ball bearing at a speed less than shaft speed. 
a ry .  
and ball bearings are equal. 
potential of substantially increasing rolling-element bearing fatigue life at high speed. 

characterist ics of the two component bearings, the bearing designer must properly s i ze  
the fluid-film bearing to get a useful reduction in ball bearing speed and provide ade- 
quate load capacity. 

Self-acting journal bearings have been quite thoroughly investigated (see, for  exam - 
ple, refs. 2 and 3).  Surprisingly, there  appears to  be no published information on rotat-  
ing, compensated, pressurized thrust  bearings using incompressible lubricants. Refer- 

The lubricant was the same  as that used for the ball bearing, 
In the series-hybrid bearing (fig. l ) ,  a fluid-film bearing 

Each component bearing ca r r i e s  the f u l l  system 
One element of the fluid-film bearing rotates 

The other element of the fluid-film bearing rotates with the inner race of 
The ball bearing outer r ace  is station- 

The intermediate member rotates at a speed such that the torques of the fluid-film 
A s  shown in reference 1, the series-hybrid bearing has the 

Since the speed sharing between the fluid-film and ball bearings depends on the torque 



ence 4 gives design information for  hydrostatic bearings with relative motion between the 
bearing parts.  With liquid lubricants, however, centrifugal effects due to bearing rota-  
tion can significantly alter the bearing’s character is t ics .  Formulas  have been given for  
the load capacity of rotating uncompensated pressurized thrus t  bearings (for example, 
ref. 2, p. 203). 
therefore cannot accept varying loads. It is, fortunately, a straightforward matter to 
add the effects of compensating res t r ic tors  (orifices or capillaries) to the analysis of a n  
uncompensated p res  s u r  ized bearing. 

The disadvantage of this type of bearing is that it has  no stiffness and 

The objectives of this report are the following: 
(1) To analyze a n  orifice (or capillary) compensated thrust  bearing, including the ro-  

(2) To present a digital computer program to ca r ry  out the analysis 
(3) To give sample resul ts  of the analysis,  and to  compare these resu l t s  with experi-  

tational effects and the effects of any journal bearings adjoining the thrust  bearing 

mental data f rom the series-hybrid bearing 

SYMBOLS 

‘d 

‘i 

‘0 

d 

h 

L 

LR 
n 

P 

Q 
R 

Re 

r 

T 

V 

W 

orifice discharge coefficient 

radial  clearance in inner journal bearing, in. (m) 

radial  clearance in outer journal bearing, in.  (m) 

orifice o r  capillary diameter ,  in. (m) 

thrust  bearing clearance,  in. (m) 

journal bearing length, in. (m) 

capillary length, in. (m) 

number of r e s t r i c to r s  

pressure ,  lb/in. (N/m2) 

lubricant flow ra te ,  in. 3/sec (m /sec) 

radius,  in. (m) 

fi lm rotational Reynolds number, R I w1 - w2 I hp/p 

radial  coordinate, in. (m) 

bearing torque, in. -1b (N-m) 

velocity, in. /sec (m/sec) 

bearing load, lb (N) 
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z axial coordinate, in. (m) 

E journal bearing eccentricity ra t io  

e circumferential  coordinate, rad 

P lubricant dynamic viscosity, lb-se 

P lubricant density, lb/in. (kg/m3) 

W angular velocity, rpm o r  rad/sec 

/in. (N-sec/m 2 ) 

mean angular velocity, eq. (7), rpm o r  rad/sec 
0 

W 

Subscripts: 

C 

i 

j 

min 

0 

P 

r 

S 

z 

e 
1 

2 

res t r ic tor  exit 

inner 

journal bearing 

minimum 

outer 

pocket 

radial  direction 

supply 

axial direction 

circumferential  direction 

upper thrust  surface 

lower thrust  surface 

ANALYSIS 

The bearing to be analyzed appears in  figure 2. It comprises  a thrust  bearing and 
two journal bearings at the inside and outside thrust  bearing radii. 
enter  into the analysis only as they contribute adaitional constant res is tances  to the 
throughflow of lubricant and as they add to the bearing torque. 
to zero  when they are not present.  A circle  of orifices is at radius Rc. Alternatively, 
the bearing may have capillary res t r ic tors  at radius Rc. The number of orifices or  cap- 
illaries is assumed large enough to constitute a line source of lubricant. The thrust  face 
clearance var ies  with radius in a stepwise manner as shown. The lubricant is supplied 
to  the orifices at pressure  ps; it  leaves the bearing at the reference p res su re  p = 0. 

The journal bearings 

Their lengths may be set 
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The start ing point of the analysis is the Navier-Stokes equations for  incompressible flow 
(ref. 5). The following assumptions are then imposed: 

(1) The flow is laminar and steady with time. 
(2) Rotational symmetry prevails, that is, a/aO = 0. 
(3) Pressure  in the thrust  bearing is constant in the axial direction. 
(4) There are no body forces  acting on the fluid. (Centrifugal force appears as an 

inertia term.  ) 
(5) The axial velocity is 

With these assumptions, the 
negligibly smal l  in the thrust  bearing. 
Navier-Stokes equations become, in cylindrical coordinates , 

The continuity equation has been incorporated into equation (la). In a rotating bearing, 
the radial  fluid velocity vr is much less than the circumferential  velocity ve. Thus 
first term of equation (la) can be neglected relative to  the second. It is assumed that 
viscous forces  predominate over inertia forces .  
be eliminated. (These are standard assumptions in lubrication work. 
ref.  3, p. 68). Equations (la) and (lb) become 

Thus the first term of equation (lb) can 
See, for example, 

A solution of equation (2b) is 

Z ve = r w 2  - r (w2  - w ) l h  

4 



where z is measured from the lower thrust  surface (fig. 2). Equation (3) may be sub- 
stituted into equation (2a) and the result  integrated twice in  z. After the boundary con- 
ditions vr = 0 at z = 0 and vr = 0 at z = h are applied, the result  is 

r 

Lubricant Flow Rates 

The quantity of lubricant flowing radially at any radius r is found from 

Q = 27rr f 0 hvrdz 

Substituting equation (4) into equation (5) and integrating yield 

where wo is defined by 

2 - wJ2 
2 3 w e w w  + - ( w  
O l 2  10 

(5) 

(7) 

The speed wo, which may be regarded as an average of w1 and w2,  is used to calculate 
rotational effects. Equation (6) may now be integrated with respect to r to  find the relation 
between flow and pressure .  The clearance h has been assumed t o  vary in  a stepwise man- 
ner .  Thus, integration over any interval of constant clearance is straightforward. Fo r  
example, integrating from r = R to r = R 5 Ro gives PO 



P r e s s u r e  drop through the journal bearings is easily calculated from the expression - 
for  flow in a narrow s lo t  (ref. 3,  p. 99). 
effect of eccentricity, 

For the outer journal bearing, neglecting the 

With this, total lubricant flow through the bearing can now be given as that flowing 
inward from the or i f ices  and that flowing outward: 

- e (RE - Ri)oZ 
ll pc 2 _ -  

Q z Q o  - Q i =  - 
61J- Lo 1 Rpo 1 RO +-ln-+-ln- 

ROC: h i  Rc ho RP 

. .  
61J- L i  1 Rc 1 Rpi +- In - + - In - .- 

RiC: h i  Rpi h: Ri 

The negative of Qi is taken because, at any radius,  outward flow is defined as positive. 

fice r e s t r i c to r s ,  this is (ref. 4,  p. 103) 
The total flow Q must now be matched to the flow through the r e s t i i c to r s .  For o r i -  

and for  capillary r e s t r i c to r s  , 

Equation ( l la)  o r  ( l l b ) ,  as appropriate, may be combined with equation (lo),  and the 
p re s su re  pc downstream of the r e s t r i c to r s  solved for  algebraically. 
can then be found from equation (10). 

The flow ra te  Q 
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Bearing Loads 

The thrust  bearing load is given by 

w = 2a /” p r  d r  
Ri 

The pressure  p is given by equation (8) for R 5 r 9 R and by s imilar  expressions 
fo;. other radii .  
load. For example, 

PO 0’ 
These expressions may be substituted into equation (12) to yield the 

2 
Rpo Rpo - 6PQ 

= p r  d r  = rpc @io - Rz) - -.$(.io In - - 2 
wPO RC 

hP 

Inner and outer journal bearings (fig. 2) may be used to provide a radial  load capacity. 
These are assumed to be purely self-acting bearings. 
ra t ios ,  the load is adequately given by the shor t  bearing approximation. 
3, (p. 84), for the inner bearing, 

For  smal l  length-to-diameter 
From reference 

I 

The velocity v 

where E: is the journal-bearing eccentricity ra t io .  

Bearing Torque 

var ies  linearly ac ross  the film (eq (3)).  Thus, thrust  bearing 

PO’ 
torque is easily calculated. For the annulus f rom r = Rc to r = R 
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Similar expressions apply to  the other sections. 
ting the effect of eccentricity on torque, the torque is 

F o r  the inner journal bearing, neglec- 

A s imi la r  expression applies t o  the outer journal bearing. Total  torque is merely the 
sum of the various component torques: 

T = T o + T  + T  + T i + T  + T . .  
PO Pi jo 11 

COMPUTER PROGRAM 

Though the preceding analysis is simple and straightforward, a considerable effort 
would be needed to  calculate the large number of numerical resu l t s  needed in evaluating 
severa l  bearing designs and operating conditions. To  reduce this effor t ,  a computer pro- 
gram was written. 
puters at Lewis Research Center. It can be used on any digital computer accepting 
FORTRAN IV programs. The program listing appears in the appendix. 
flow chart  of the program. Four options are available in  the program: 

met r ic  units, set METRIC = .TRUE. in the input list. 

The program is written in FORTRAN IV for  the IBM 7094-11 com- 

Figure 3 is a 

(1) Input and output may be in either U. S. Customary or met r ic  (SI) units. To  use  

(2) Orifice o r  capillary r e s t r i c to r s  may be used. If the capillary length LR is not 
zero ,  capillary r e s t r i c to r s  are assumed; if LR = 0, orifice r e s t r i c to r s  are assumed. 

(3) Output may be for  a specified set of clearances or a specified set of bearing 
torques. If TMAXX is zero ,  output will be for  NH outer thrust  face clearances (h,) 
s tar t ing at ho = HOO and proceeding up by increments of DH. If TMAXX is nonzero, 
the program will still start with ho = HOO. It will then increase ho by increments of 
DH until the torque decreases  to  TMAXX. (HOO must be chosen so the corresponding 
torque is greater than TMAXX). It will then make calculations for  clearances such that 
bearing torque drops by increments of DT from TMAXX to TMIN. Under e i ther  op- 
tion, the program stops incrementing clearance o r  torque whenever the bearing load be- 
comes negative. 

(4) Supply p res su re  PS may be specified. Or ,  if PS is not specified, the pro-  
gram will calculate a supply p r e s s u r e  based on the p re s su re  available from centrifuga1 
force at the radius of the res t r ic tors :  

8 



1 2 2  ps = - PR w 
2 c 1  

To have the program calculate 
As a check on whether the 

set CENT = . TRUE. ps  7 

assumed laminar conditions prevail, the program calcu- 
lates Reynolds numbers based on the thrust  bearing film thickness and rotational speed: 

The three  Reynolds numbers calculated are fo r  the outer thrust  face land (using Ro and 
ho), f o r  the inner thrust  face land (using R 

and h ). If any one of these Reynolds numbers exceeds 1000, the flow is probably tu r -  
bulent in  that region (ref. 6). Computed resul ts  will  then be inaccurate. 

and hi), and fo r  the pocket (using R 
Pi PO 

P 

Program Input 

A l l  input is in NAMELIST format using the NAMELIST name BRG. Sample input ap- 
Following is a description pears  in figure 4. 

of the input variables: 
Note that all data cards  begin in column 2. 

FORTRAN Analysis 
name symbol 

Description 

CD 

CENT 
CI 

co 
D 
DH 
DT 
DW2 

HI1 

HOO 

HPP 

LI 

orifice discharge coefficient 

if  . TRUE. , PS calculated from eq. (18) 
radial  clearance in inner journal bearing, in. (m) 

radial  clearance in outer journal bearing, in. (m) 

‘d 

‘i 

cO 

d diameter of orifices o r  capillaries,  in. (m) 
increment in thrust  bearing clearance,  in. (m) 
increment in bearing torque, in. -1b (N-m) 
increment in speed w2, rpm 

initial value of inner thrust  clearance hi, in. (m) 

initial value of outer thrust  clearance ho, in. (m) 

initial value of pocket thrust  clearance h in. (m) 

length of inner journal bearing, in. (m) (may be zero) 
P’ 

Li 
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FORTRAN 
name 

LO 

LR 

METRIC 
MU 
N 
NH 
N w 2  

PS 

RC 

RHO 
RI 

RO 

R PI 

RPO 

TMAXX 

TMIN 

w1 
w22 

Analysis 
symbol 

LO 

LR 

Y 
n 

PS 

RC 

Ri 

RO 

Rpi 

RPo 

P 

O1 

Description 

length of outer journal bearing, in. (m) (may be zero) 

length of capillary r e s t r i c to r s ,  in. (m) (zero for  orifice 
res t r ic tors)  
if . TRUE. , input and output are in met r ic  (SI) units 
lubricant dynamic viscosity, lb-sec/in. 
number of orifice or  capillary r e s t r i c to r s  
number of values of thrust  clearance 
number of values of w2 

lubricant supply pressure ,  lb/in. 
if CENT = . FALSE.) 
radius of res t r ic tor  c i rc le ,  in. (m) 

lubricant density, lb/ft3 (kg/m3) 
inner radius of bearing, in. (m) 

outer radius of bearing, in. (m) 

inner radius of pocket, in. (m) 

outer radius of pocket, in. (m) 

maximum bearing torque for  which calculations a r e  
desired,  in. -1b (N-m) 
minimum bearing torque for  which calculations are 
desired,  in. -1b (N-m) 
speed of upper thrust  face, rpm 

initial value of w2, rpm 

2 (N-sec/m ) 

2 (N/m ) (needed only 

Any number of cases may be run  at one time. 

Program Output 

Figure 5 i l lustrates  program output. A l l  input data a r e  printed at the beginning of 
each case. After the input data, the speed of the upper thrust  face is printed, followed 
by the supply p re s su re  if that was calculated by the program (CENT = . TRUE. ). The 
following line shows the speeds of the lower and upper thrust  faces, w2 and wl, and the 

calculated mean speed wo (eq. (7)). 
bearings and the loads the journal bearings will c a r r y  at an  eccentricity ra t io  of 0. 5. 

10 
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The following line comprises  column headings. These headings include (1) clearances ho, 
hi, and h 
contributions of outer and inner thrust  face lands, Wo and Wi, (5) load contribution of the 
pocket fo r  r > Rc and r < Rc, (6) torque contributions of the outer and inner thrust  face 
lands and pocket, (7) lubricant flow rates outward and inward f rom orifice radius Rc (in- 
ward flow is negative), (8) p re s su re  pc downstream of the res t r ic tors  and pressures  

and Ro, 
(10) film rotational Reynolds numbers for  outer and inner thrust  face lands and pocket, 

(2) total  bearing load W and torque T,  (3) total  lubricant flow Q, (4) load 
P' 

and pi at radii  R and Ri, (9) p re s su res  p and po at radii R 
Ppi Pi P? PO 

and (11) radius R and p res su re  pmin and the derivative dp/dr I r=Ro. If 
Pmin $min 

P res su re  

< 
Ro Or dp/drjr=Ro > 0 the p re s su re  somewhere in the bearing fi lm is Subambient. Under 

this condition, a real bearing will cavitate; computer resul ts  are inaccurate. 

Pmin is found by extrapolating f rom r = Ro until dp/dr = 0 using equation (8). 

SAMPLE RESULTS 

The pressurized thrust  bearing fo r  which resul ts  are given is illustrated in figure 1 
This bearing was evaluated experi-  

The centrifugal field in the rotating upper thrust  member was 
as par t  of a series -hybrid rolling-element bearing. 
mentally in reference 1 .  
used to pressurize  the lubricant. 
Units in the computer program output of figure 5. 
a function of outer thrust  face clearance ho. Typical of externally pressurized bearings,  
the stiffness becomes very sma l l  as the clearance approaches zero.  
by the slope of the load-clearance curve. ) When the lower thrust  face rotates a t  the same 
speed as the upper face, the load at ze ro  clearance is somewhat higher than when the 
lower thrust  face is stationary. At la rger  clearances,  however, the load is less when 
both faces rotate.  Centrifugal force is responsible for this difference. The rotative 
speed used to calculate centrifugal effects (w,) is between the upper and lower thrust  
face speeds (eq. (7)). Thus, with both faces rotating, centrifugal effects are grea te r  
than with only one rotating. 

expected, flow increases  with increasing clearance.  
crease the slope of the curve when both thrust  faces rotate.  

Torque decreases  with increasing clearance. When the lower thrust  face rotates at half 
the upper thrust  face speed, torque is halved compared to the case when w2 = 0, since 

Bearing dimensions are given in U. S. Customary 
Figure 6 shows bearing thrust  load as 

(Stiffness is given 

Figure 7 gives the variation of lubricant throughflow with change in  clearance.  A s  
Increased centrifugal effects in- 

Figure 8 shows the torque of the bearing assembly as a function of clearance. 
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torque is directly proportional to the speed difference between the two faces. When the 
two faces rotate at the same speed, the torque is, of course,  zero.  

Figure 9 shows the variation of load with lower thrust  face speed fo r  various bear-  
ing torques. This has  been plotted from the alternate form of program output, in which 
clearance is varied to give preassigned torque values. This  form is convenient fo r  deter-  
mining bearing speed for  given load and torque, as was necessary in  reference 1. 

the bearing clearance increases ,  cavitation eventually sets in, making load calculations 
inaccurate. The presence of cavitation is indicated by negative intermediate pressures  
in  the program output. 

In figures 6 and 9 the curves s top before reaching ze ro  load. This is because, as 

Comparison with Experiment 

Figure 10 compares  speed sharing predictions of the analysis with experimental data 
f rom reference 1. Oil viscosities corresponding to experimentally measured ball- 
bearing outer -race temperatures  were used in  the computer program. 
lytical curve were obtained from plots s imi la r  to figure 9 using measured bearing torque. 

varied with shaft speed according to equation (18). When the supply pressure  becomes 
high enough (high enough shaft  speed) to lift off the fluid-film thrust  bearing, the inter-  
mediate speed drops abruptly, according to the analysis.  After lift-off, intermediate 
speed rises a t  a slightly lower rate than shaft speed. 

Agreement is generally good between analysis and experiment, though experimental 
lift-off speeds and intermediate speeds are somewhat higher than predicted. Possible 
reasons f o r  this are (1) the analysis assumes  a line source of lubricant in the fluid-film 
thrust  bearing, whereas the experimental bearing has only four orifices,  and (2) the fluid- 
film bearing may be cooler than the ball bearing outer race, resulting in higher oil vis-  
cosities than assumed. Fluid turbulence probably did not affect the resu l t s  significantly, 
since the highest Reynolds number predicted by the analysis is 1020 for  the data of figure 
10. This is only slightly above the threshold of 1000 reported in reference 6 .  

Points for  the ana- 

The experimental apparatus had a centrifugal oil supply. Therefore,  supply pressure  

CONCLUDING REMARKS 

An analysis has  been presented and a computer program has been developed to en- 
able rapid evaluation of rotating pressurized thrust  bearing designs using an incompres- 
sible lubricant. Included in the analysis are the effects of two self-acting journal bear-  
ings which may be used to  provide a radial  load capacity. Bearing load, torque, lubri-  
cant flow ra te ,  and other quantities of interest  are calculated. Either orifice o r  capillary 
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compensation can be used and effects of bearing rotation are included. 
and output can be in either U.  S. Customary or  met r ic  (SI) units. The computer program 
was written in FORTRAN IV; it can be used on most modern digital computers. 

Analytical predictions agree  well with experimental. data from a series -hybrid fluid- 
film rolling-element bearing. 

Program input 

Lewis Research Center,  
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 12, 1970, 
129-03. 
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APPENDIX - COMPUTER PROGRAM FOR ANALYSIS OF 

PRESSURIZED ROTATING THRUST BEARINGS 

S I D F T C  R C F F 2  

14 



c 

1 5  

2 0  

2 1  

2 5  

2 6  

15 



P.23 = P F j r k 3 R  
P K 2  = P F 2 * h J R  
P K 4  = PF49NOR 
P R 5  = PF5*WOR 
P&O = P K 2  + P i i 3  
P R I  = P X 4  + P K 5  
TTUF = PI*MU*OWR/2.  
T T P F  = T T O F * ( K P O 2 * K P U 2  - K P I 2 * K P I 2 )  
T T I F  = T T O F + ( R P I Z * K P I 2  - K 1 2 4 R 1 2 )  
TTOF = T T U F * ( K 0 2 * R ! l 2  - RPOZ*RPO2) 
REF = OW9*Pfi0M/MU 

D E L T  = .FALSE. 
THAX = 7 t y l A X X  

C FPCTUR FU2 COMPUTING F I L M  R i I T A T I O N A L  KEYNCLDS NUMBERS 

C DO L O f l P  FCR R A i v G E  OF C L E 4 i l A Y C E S  
DO 40 I = l * N H  
I C  = c 

2 9  H(13 = BO;** 3 
H I 3  = H I * * 3  
H P 3  = HPO*3 
H I M 3  = A . y l i N 1  ( H I 3 * H P 3 )  
HUM 3 
X 1 =  S I  X * L O * H O M 3 / d O / C O * * 3  
x 2  = SIX*KclPL 
I F  ( Hli 3 .NE .Hr)?43) X 2  = X2*HCM3/r103 
X 3  = SIX*KPOCL 

X 4  = S I X * R C P l L  
I F (  HP 3 .NE . Y I M 3 1  X 4  = X 4 W I  # 3 / H P 3  
x 5  = S I X * F ( P I L  
I F ( H I 3 . N E . H I Y 3 )  X 5  = X 5 * H I P 3 / H I 3  

X 6  = S I X  * L I * H I M 3 / S I / C I * * 3  
xu = x 1  + x 2  + x 3  
X I  = x 4  + x 5  + X 6  
H X I  = b I Y 3 / X I  
HXl l  = bU"1/XO 
HX = H X I  + HXCJ 
I F  (LH.EtJ.0. 1 GC1 T O  2 9 3  

= A N  I N  1 ( H O  3 r HP 3 I 

I F (  HP3 .NE .H'IM3) X3 = X 3 * H O M j / H P 3  

GALCULATt PC FOR C A P I L L A K Y  COPPENSATION 
PC = ( P S / X C  - PR3*HXO - P Y I * H X I  ) / ( t i X  + l . / X C )  
0 = ( P S  - P C ) / X C  
GO TO 2 5 5  

2 9 3  PHX = (PKU*t iX@ + P K I * H X I I * H X  
C A L C U L A T c  P C  FGK O K I F  I C E  C d q P E N S A T I O N  

PC = ( - P t i X  - SKil/2.  + K K i l * S d K T ( P H X  + S K 0 / 4 .  f H X * H X * P S ) ) / H X / H X  
6) = K K O * S O d T ( P S - P C )  

a 1  = - ( P C  + P k I ) / X I  
P P I  = P L  + J I * X 4  + P K 4  
P I X =  P P I  + 4 I * X 5  + P R 5  
PPI_)= P C  - OU*X3 + P R 3  
PO = PPL; - i ) f l * x 2  + PR2 
AU = -Qcl* h[)F 
I F (  ti;)3.NE .HUM31 NCI = kO*HOM3/H0.3 
NO = P I * (  h@ + ( P P O  + P K L / 2 . )  * ( R 0 2  - R P O Z ) )  
NPO = -MO*W?llF 
I F (  Hp 3.NE .H3M3)  N P 3 =  wPO*HOM3/HP3 
NPo = P l * ( N P O +  (PC + P R 3 / 2 . )  * ( R P 0 2  - R C 2 I )  
dP 1 = Q!+ hfJ I F  
I F (  HP3.Nf .HIM31 k P I  = W P I * H I  P 3 / H P 3  

2 9 5  QO = ( P C  + P K O ) / X O  

16 



d P I =  P I * ( k P I  + (PC + P K 4 / 2 . I  * ( R C 2 - K P [ Z I J  
n1 = Q I * r l I F  
I F (  H I  3 .NE . H I M 3 )  W I  = WI*HI M 3 / H I 3  
W I  = P I * ( w I  + ( P P I  t Pt ;5 /2 . )  * ( R P 1 2 -  R I 2 ) )  

I F (  HO3.NE . i iO413)  F A C  = FAC*r iOM3/H03 
WO = iJWbiUM3 
Q I  = Q I * t i I M 3  

T T I  = 1 . E 6  

I F  (HO.NE.0.) TTII = T T U F / H U  
I F  ( H I . N E . 9 . )  T T I  = T T I F / H I  
I F ( H P  .NE.C.) T T P  = T T P F / H P  
T = T T l l  + T T P  + T T I  + TJU + T J I  
‘rl = dll  + h P 3  + r l P I  + rlI 

F A G  = t.*iqu*On/PI 

TTO = 1 . E t  

T T P  = 1.EO 

C A L C U L A T E  M A X I H U M  F I L M  R O T A T I O N A L  R E Y N O L D S  NUMBERS F O R  THRUST B E A R I N G  

30 

3 1  

3 5  

1 G C  

2 0 c  

39 

40  

K E U  = R E F * K d * H f l  
R E I  = R i k F * K P I * H I  
K E P  = REF*iXPCl*HP 

A M 2  = FAC / K H O M / W R  
RM = S d K T ( A ~ S ( K M 2 ) )  

CiPDfc = - F A C / R f l  + RHCM*KO*WOK 

P M I N  = PPCI - F A C * A L U G  ( K M / K P U )  + RHJM*kdOK/2 . * ( R Y 2 - R P 0 2  I 
I F  ( K Y i . L T . 0 .  R‘4 = - R b l  
I F  ( I ) E L T . A N 3 . A O S ( T - T M A X I . G T . i k P S T . A Y U . W . G E . O . )  G O  T O  35 
I F  ( . Y O T . M E T K I C )  W R I T E  ( 6 , 3 0 1  H O r W t O t W O , W P O 1 T T f l t Q U ( P C , P P O I  REOIRM~ 

2 H P ~ T T P T  P I N ,  REPI DPDR 

2 H I , T , k I ,  h P I  t T T I  t W I  * P P I  ~ P I J ~ R E I ~ P W I N ,  HPITTPTPIN~REPIDPDK 

2 3 P F l  1 . 2 9 4 7 X  O P G L 2 . 3 t L Z X  G l L . 3 r 1 2 X  2 G 1 2 . 3 )  

H I  t T I  h I t  kP 1 ,  T T I  Q I  t P P I  9 P(39 RE I t  P W I  N t  
I F  ( M E l R I C )  hii I T t  ( 6  9 3 1 ) H 0 9 W ,  I3 9 WO rW PO cT T 01 QO , PC 9 PPD, REO* RM, 

f OKMA T ( / 3PF R e  3 t 3PG 12 4 9 Y G l 2  3 / 3  PF 11 2 r O P G 1 4  3 9 9 X  8G12.3/  

F G K M A  T ( / 2PF 10.5, ClPGlZ 4 9 9GL 2.3 / 3 P F  1 3  e 4  r 3  PG14 3 T ~ X  8G12.3/ 
2 3 P F L 3 . 4 t 4 7 X  O P G 1 2 . 3 t 1 2 X  G 1 2 . 3 t 1 2 X  Z G 1 2 . 3 )  

If- ( d . L T . 0 . )  GU T U  5d 
H T  = HO 
I F  ( A 3 5 (  T - T ” I X X ) . L € . E P 5 T . A N o . w l . h ‘ E . ~ Z )  GO T O  2 0 0  
I F  ( T e t i T .  T Y A X X . A N ~ ) . . N I ~ T . ~ ~ L T . U R . ~ ~ . E ~ ~ . ~ ~ )  GU T 9  3 9  
I F  { I C . t i T . I C M A X J  GO T O  2 0 3  
I C  = I C  + 1 
D E L T  = .TRUE-. 
lid = HC. + ( T : q A X - T )  / L T l - T ) +  (H1- t i 01  
I F  (HI] .LE .O. 1 HO = . G O 5  
H I  = HO t l)!i I 
HP = HO t Drip 

H 1  = H I  
T 1  = T 
GU TCI 29 
TPAX = T M A X  - L)T 
I C  = c 
D E L T  = . T R U E .  
I F  ( T M A X . t O .  0 .  . i lk.  T Y A X .  L T .  TMI N1 GO T C  50 
GO TO l o ?  
H 1  = HU 
1 1  = T 
H I  = H I  t i)H 
HP = h P  t DH 
HO = b o  + O H  

I F  ( A ~ 5 ( r l - T Y A X ) . L E - . a t , S ( r - i M A X I  I C;U T O  2’9 
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115 
ball 

r Lubr icant Fluid-f i lm bearing 

Figure 1. - Series-hybrid roll ing-element bearing inc lud ing  pressurized 
t h r u s t  bearing. 

T o r i f i c e  
I I 
I 

I n n e r  journa l  bearing-\ ' i 
( a )  Dimensions. 

surface 

LlrO 

lb) Pressures. 

Figure 2. - Pressurized t h r u s t  bearing. 
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Start 0 
data cards 

program 
constants 

P r i n t  
i npu t  data 

Set in i t ia l  
va lueof  w2 

Repeat to 50 for 

Calculate and p r i n t  
Q ~ ,  journal  bear ing 
torques and loads 

I 
I 

In i t ia l ize HO, HP, HI 
I 

I 
DO loop for range 
of clearances 

Q 
or i f ice compensation 

Calculate PC 
for capi l lary 
compensation 

intermediate pressures, and 
th rus t  bearing loari, torque, 
and rotat ional Reynolds numbers 

-T- 

Figure 3. - Flow char t  of program. 
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o n  torque value 

A 

JuuIl act increment 

&s 

maximum number 

Calculate new HO, HP, HI, by 
TMAX - T 

HO = HO +- 
H I  = HO + D H I  

IT1  - TMAXI 
< I T  - TMAXI? 

0 
H 1  = HO 
T I - T  
Increment clearances 

Add 1 to NW 0 
Figure 3. -Concluded. 
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SHEET-OF- 

t 
F O R T R A N  S T A T E M E N T  IOENTlFlClllON STATEMENT I r I  

NUM0ER > $ :  
, I 7 5 L 5 ! 6 1 I 8 9 10 18 12 . I J  ii. 15 16 I7 18 89 70 28 2 2  2 3  2"75 26 2 7  28 79 sd J I  52 53 5,. J5 36157 58 30 LO 'I 12 r5  LL ' 5  '6 '7 I 8  '9 50 51 52 SJ 5 L 5 5  56 5 7  58 59 60'61 62 bf6L 65 66161 68 69 70 71 12-13 7L 15 16 11 18 79 81 

$ B R G '  , C D = . G , C I =  .001, D= .009,DH=. 0 0 0 1 , D W 2 = 6 0 0 L O A .  HII=.04,,HOO,=,O,.,HPP=,. O,OS, , ,L , I= , .8 ,6 , , ,  , , L ~ ,  * + . . , , . + _ - _ .  - .__.__- - .-.. . - -__tt---ct_. *'* + -_c 

M U = 9  --.- . 4 E - 7  ~ , N = 4  -9- N H = 1 6 , , , N , W 2 = , 3 , , R C , = l . 2 + , - R + H O = 6 : 0  ~ - ,.,,, R I = , . 8 7  5 , , R O = , 1 . , 6  , ,R,P,1=,. ,9,2,5, , ,  , 

, , , , , , , 

. LO-0  &*Y LL.!-.-...r- L R = O .  
R P C , = j l , .  3 7 5 ,  TMAXX= 0 .-, W 1=1.2 000 . , W,22=0 . : , C E N T =  . T R U E .  , M E T , R I  C = , . F A , L S E , .  ,$, , - , , , 

, . , 1 . , . . . . . , . . , . . . ,  ,.--.-t 4 --* L C + W  

1 * - ..- I 1 . .  . - - .  - _ ~  .-,.,.. * _ - _ _ .  - . . ~ -  ----. . , . . , . , . . ~ ' I-- 

I I 2 5 6 5 16 1 1 8 9 10 !I 17 I3 IL IS  16 I1 I8119 70 21 77 25 21 75 26 77 78 29 Jd Jl 32 35 5' J5 Jb J1 58 39 LO LI L2,LJ U L 5  Lb L l  L&9 50 51 52 SJ 54/55 56 51 58 59 60161 62 65 b l  65  66161 68  69 10 11 12115 1L 15 76 17 18 19 8 

NASA-C-836 (REV 9-I&-591 :3.in$ 

Figure 4. - Example of input data. 
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ANALVSlS O F  7 H I F I L E  CONPENSATEU THRUST BEARING 

I J R G  

CU = t . O u C O O C O E - d I ,  ; I  1.00JOOOOE-03. C O  = I .0000007E 00. 0 = 

o r  = c .  9 ) A 2  2 6.OJOJOOOt '33,  H I 1  = 4.00POOOOE-O2, MlO = 

L L  = 8 . 5 4 5 9 J 9 Y t - J l .  L O  = 0. 1 LR = 3 .  , MU = 

N H  = I b ,  d d 2  = 3 ,  PS = 1.0227569E 02. R C  = 

YHUM = 8.9953942E-ri5. *I = ~ . 7 5 0 ~ ~ 0 ~ € - @ 1 ,  H J  = ~ . h o o ? o o n ~  nn, RPI = 

TMdXX = t. , TMIk = 0. *I1 = 1.2000000E 04. W27 = 

C t N T  = 1, M E T K I L =  F ,  

$ INC 

U 1  12060 .C  RPq, CEYTRIFUG4L SUPFLY PRESSURE 102.3 P S I  AT K C  = 1.200 INCHES 

8.9599999F-03. O i  

n. , I(PP 

9.4 oonnno~ -07 ,  N 

1 .2oonnor )~  ne, Rin 

9.2499999E-01 I RPO 

0. 

k 2  3 .  R P M ,  rll 12000.0 RPH. rrfl 6572.7 R P N  
JOURYPL S E A R I N G  1flKI)UES l J f l I I J t t  I Y  LO 11 4.276 L m u s  A T  ECC RATIO = 0.50 YJO.WJI,  LR o 
1 2 3 

HOI H IvHP L ' l  AU. L f l  FL'3-1 I N 3  I S  C 
M I L S  TI3kh)lJE.IN L t l  

c .  4 4 4 . 3 5  7.474E-01 
40.bJ O . l i l J 6  1 7  

9.UO 

(.IC0 414.01 0.47SE-01 
40.10 66.14 

9.10 

C.200 441.57 0.506E-01 
40.20 32.49 

9 . 2 0  

C.300 434.46 0.580t-01 
40.3fl 2 3 . 2 8  

9.30 

C.4CO 419.UU 0.716E-01 
40.40 1 0 . b b  

9.40 

(.5CO 39C.7'3 0.913E-01 
40.50 15.89 

9.5c 

C . O C 0  347.52 0.115 
40.60 14.04 
9.60 

C.7CO 292.23 0.140 
40.70 12.72 

9.70 

4 
I O , H I  rLd  

106.b 
23.89 

106.6 
23.87 

106.0 
23.72 

104.5 
23.28 

101.1 
22.33 

94.90 
20.58 

05.40 
17.89 

73.26 
14.45 

5 
WPO.YPI.L8 

145.5 
163.4 

145.4 
168.2 

144.6 
157.3 

142.3 
164.4 

137.4 
153.2 

128.5 
146.8 

114.9 
129.4 

I N  L 8  I N  3 1  5 EC P S I  

J.100E 0 7  0 97.95 
5.677E-02 -0.474E-01 85.47 
0.506 83.55 

55.28 0.447E-C3 97.88 
P.675E-02 -0.473E-01 85.39 
0.580 93.48 

0.356E-CZ 97.34 2 7 . 6 4  
0.673E-02 -0.470E-01 84.86 
0.573 82.94 

18.43 0.119E-01 95.79 
D.672E-02 -0 .46 lE-01 83.31 
0.567 81.39 

3.82 o . 2 7 3 ~ - 0 1  92.40 
0 .670 E-0 2 - 0.442E- 0 I 79.92 
0 .561 78.00 

1 .Ob O . S O ~ E - ~ I  86.20 
0.660E-02 -0.407E-01 73.73 
0 . 5 5 5  71.81 

9.213 0.79RE-01 76.69 
0.667E-02 -0 .353E-01 64.22 
Q.549 62.31 

97.48 7.897 0.111 64.53 
157.0 0.6b5E-32 -0 .284E-01 52.07 

0.544 50.15 

Figure 5. - Example of computer program o u t p u t  

~ . o o n o n o n ~ - o ~ ,  

8.9999999E-33. 

4. 

b.0001303E 01. 

I .  375.0000~ 3 3 .  

4 9 3 . 3  
9 10 11 

DPflvPO REYNOLJS NR R I P H I N I v P H I N  
P S I  REO,REI.REP DPDRIROI 

101.6 0 4.343 
O . I O ~ E - O ~  n . C 4 5 ~  04 -455.3 

0.149E 0 4  -434.2 

107.5 19.24 4.342 
C.107F-05 0.44bE 3 4  -454.8 

n.1snE 04 -473.9 

106.9 38.48 4.332 
0.107E-05 O.447E 3 4  -451.3 

0 . 1 5 2 ~  04 -431.7 

105.4 57.72 4.304 
Q.107E-05 O.448E 04 -441 .1  

-425.3 0 .154E 0 4  

102.0 76.96 
0.107E-05 0.449E 04 

0.155E 04 

95.Rl 96.20 
0 . 1 n 7 ~ - 0 5  0 . 4 5 1 ~  3 4  

0.157E 04 

.243 
-419.1 
-411.3 

.I28 
-379.8 
-385.7 

86.30 115.4 3.9Cb 
O.ln7E-05 0.C52E 04 -321.7 

0.159E 04 -34h.5 

74.14 134.7 3.700 
0.107E-05 n.453E 04 -251.8 

0.16OE 04 -296.4 
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Outer th rus t  face clearance, ho, mils 
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Outer th rus t  face clearance, ho, mm 

Figure 7. -Var ia t ion of lubricant flow wi th  clearance. 
Upper th rus t  face speed, 12 000 rpm. 
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Outer th rus t  face clear, 
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.01 .02 .03  
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0 

Figure 6. - Variation of load wi th  clearance. Upper th rus t  
face speed, 12 000 rpm. 
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Figure 8. -Torque of bearing assembly. Upper t h r u s t  face 
speed, 12 Mwl rpm. 

z 
d m - 

''Or 

1509- 

1000- 

500 - 

Torque, 
T, 

in. -Ib (N-m) 

V- 
mJ 0 - 
c 
VI 
3 I 

c c 

0- 
0 2000 4000 6000 8000 10 000 12 000 

Lower t h r u s t  face speed, q, rpm 

Figure 9. - T h r u s t  load as funct ion of torque and lower t h r u s t  face speed, Upper 
t h r u s t  face speed, 12 OOO rpm. 
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aoo(1 

E 16 000 
2 
d 
a, a a “7 

c a 12000 
m .- 
E a, - - 8000 

4 000 

0 

NASA-Langley, 1971 - 15 E-5938 

Thrust load, 
Ib (N) - 

0 loo (445) 
0 Mo (890) 
A 300 (1340) 

Solid data points indicate 
theoretical l i f t -of f  speeds 

Open data points indicate 
experimental resul ts  

/ 
/ O  

- 

- 

- 

- 

- P  
/ 

/ I  I 1 I L I  
4000 8000 12000 16 000 29 000 24 000 

Shaft speed, rpm 

- I .- 
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Figure 10. - Comparison of theoretical and experimental speed shar ing 
of t he  series hybr id  bearing. 
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